Hemoglobin of Gastrophilus intestinalis (Insecta, Diptera), was purified and characterized. At least two isoforms have been identified by isoelectrofocusing, mass spectrometry, and genomic Southern blotting. Functional studies show a high oxygen affinity due to a low ligand dissociation rate (k off ‫؍‬ 2.4 s ؊1 ) and a relatively high autoxidation rate (t1 ⁄2 ‫؍‬ 1.6/h). The globins were separated under denaturing conditions, and the sequence of Hb1 (M r ‫؍‬ 17,965 ؎ 2) was determined at the protein and DNA level. The open reading frame codes for a polypeptide of 150 amino acids. Although the globin is distantly related to globins from other species, it has a low penalty score against globin templates.
Among insects, oxygen-carrying molecules are very rare. They have been reported for a few Hemiptera (Macrocoryxa, Buenoa, Anisops), where they are intracellularly localized monomeric molecules with a tendency to dimerization (Mb 1 -type). In the Diptera, globins are found, in high concentrations, in the hemolymph of midge larvae (Hb-type). Despite their extracellular location, dipteran Hb have low M r and are found in monomeric (M r ϳ16,000) or dimeric forms. The Hbs of all insect species studied show a high degree of polymorphism. In Chironomus thummi thummi, 12-stage and tissue-specific Hb types have been identified at the protein level, whereas at the gene level even more globin genes can be identified. A similar situation can be expected to exist in other species as well (1) (2) (3) .
Although the chironimid Hbs have no more than ϳ20% residues in common with sperm whale Mb, they display a similar tertiary structure. The orientation of the heme group in the apolar pocket of these globins, however, differs from that in vertebrate Mbs and Hbs by a 180°rotation about the ␣-␥-meso axis (4 -6) . A deletion of the first four residues of the B-helix is typical for most of the Chironomus globin chains (7) .
Globin genes of many species from deeply separated eukaryotic phyla, contain a B-and a G-helix intron at the positions B12.2 and G7.0, respectively, whereas plant Hb genes contain an additional intron in the E-helix (E15.0) (for reviews, see Refs. 2 and 8) . The conservation of the B-and G-helix intron insertion position during globin gene evolution is frequently used as an argument for the intron early theory (9 -12) . Chironomus globin genes are in general intronless (13) . However, Chironomus globin genes containing an E-helix intron have been characterized recently, and it is suggested that this intron must be the result of a recent insertion event, supporting the intron late theory (14 -17) . In the lower metazoa, both intron number and insertion position in globin genes are variable (2, 17, 18) . The Chironomus globin gene structure is therefore not a valid paradigm of insect globin genes.
The larvae of the bot fly, Gastrophilus intestinalis (Insecta, Diptera) live attached to the inside of horses' stomachs. A Hb is present at millimolar concentration in highly tracheated cells forming the posterior spiracular plate (19 -21) . It enables the larvae to make better use of intermittent contact with air swallowed with food. Preliminary measurements showed that the k off for this Hb is an order of magnitude lower than that observed for vertebrate Mb and Aplysia and lamprey Hb (20) . Recently, it has been shown for nematode Hbs that the oxygen affinity may be strongly influenced by the nature of the B10 side chain (22, 23) . Therefore, knowledge of the primary and tertiary structure of G. intestinalis Hb will be required for a detailed understanding of its functional properties, particularly in relation to the many known examples of amino acid substitutions in hemoglobin distal sites (24) .
We here describe the isolation and functional and structural characterization of globins and a globin gene from the parasitic dipteran G. intestinalis.
EXPERIMENTAL PROCEDURES
Purification-Live specimens of G. intestinalis were collected from a local slaughterhouse. The spiracular plates were dissected, frozen in liquid nitrogen, and powdered. After extraction in 50 mM Tris-HCl, pH 8.1, containing a protease inhibitor mixture (Complete TM ; Boehringer Mannheim) and 0.5% (w/w) polyvinylpolypyrrolidone, the suspension was cleared by centrifugation at 30,000 and 110,000 ϫ g for 10 and 45 min, respectively. Hb was collected in the fraction precipitating between 65 and 95% ammonium sulfate (20) . Hydrophobic interaction chromatography was performed on a phenyl-Sepharose CL 4B column (1 ϫ 15 cm) equilibrated in 1.8 M (NH 4 ) 2 SO 4 , 50 mM Tris-HCl, pH 8.1. Purified Hb was eluted with 0.1 M potassium phosphate buffer, pH 7.0. Ion exchange chromatography was run on Whatman DE-52 and CMSepharose 4B according to previously published methods (25, 26) .
Two-dimensional electrophoresis of globin samples was performed on pH 4 -10 linear immobilized pH gradient strips in the first dimension and 15% SDS-PAGE in the second dimension (27) . Native M r was determined by gel filtration on a Zorbax GF 450 column in 50 mM phosphate buffer, pH 7.0, 100 mM NaCl using bovine serum albumin, ovalbumin, carbonic anhydrase, myoglobin, and cytochrome c as standard proteins for calibration.
Absorption Spectra and Kinetics of Ligand Binding-Absorption spectra of G. intestinalis Hb were measured for the various forms and conditions using an SLM (DW2000) spectrophotometer or an HP 8453 equipped with a diode array detector. To study autoxidation, the sample was first reduced with a slight excess of sodium dithionite to obtain a ferrous deoxy stock of about 100 mM. An aliquot was then diluted 9-fold by injection into a cuvette containing buffer at 37°C and equilibrated under 1 atmosphere of oxygen, and the spectra were recorded versus time. Kinetics of ligand binding were measured by flash photolysis. Laser pulses of 10 ns at 532 nm (Quantel, France) were used, with detection at 436 nm. The kinetics were studied for samples equilibrated with air or CO. To determine the oxygen off-rate, kinetics were measured by stopped flow (Biologic, Claix, France) by mixing an oxyHb sample with a solution of sodium dithionite. The association rate of CN was measured by taking spectra every 10 s using the HP 8453 spectrometer after mixing solutions of KCN and oxidized G. intestinalis Hb.
Mass Determination-Electrospray mass spectra were recorded on a VG Quattro II triple quadrupole mass spectrometer (VG Manchester, UK) equipped with a Kontron HPLC system (Kontron Instruments, Milan, Italy) consisting of a 325 pump, an HPLC autosampler, and a 332 HPLC detector as described previously (26) .
Isolation of Globin Chains-Dehemed Hb was pyridylethylated according to Allen (28) . Semipreparative (100 g/strip) IEF was run on linear immobilized pH gradient strips (pH 6 -10), and the bands were visualized by trichloroacetic acid precipitation. After excision, the bands of interest were washed in distilled water, and the globin chain was extracted overnight in 0.1% trifluoroacetic acid, 6 M urea at 37°C. The extracted material was finally chromatographed on a reversed phase column (Vydac C4 4.2 mm ϫ 25 cm) in 0.1% trifluoroacetic acid/acetonitrile (26) .
Protein Sequencing-Purified globin was modified with maleic anhydride and cleaved by CNBr and trypsin (28) . Resulting peptides were separated by SDS-PAGE, subjected to electroblotting and RP-HPLC using a 0.1% trifluoroacetic acid/acetonitrile system. Peptides were sequenced in a ABI 471-B sequencer operated as recommended by the manufacturer.
cDNA Sequencing-A degenerate primer was designed based on the protein sequence data. GU1 (5Ј-CAYTTYCCNTGGTTYAARGA-3Ј) is a 20-mer with 64 redundancies, corresponding to the sense strand predicted by the peptide fragment His-Phe-Pro-Trp-Phe-Lys-Glu. mRNA was isolated from G. intestinalis with a FastTrack mRNA isolation kit (Invitrogen). First strand cDNA was synthesized with Moloney murine leukemia virus reverse transcriptase using an oligo(dT) primer. A PCR reaction was then performed using the GU1 and oligo(dT) primers. Positive fragments were purified, cloned, and sequenced as described (29) . The 5Ј-end was obtained by a rapid amplification of cDNA ends experiment (30) . First strand cDNA was synthesized using the specific primer GPH3, (5Ј-TTGACGACGACAATCTACTA-3Ј). A poly(A) tail was added to the 3Ј-end of the cDNA with terminal deoxytransferase. A PCR was then carried out using oligo(dT) and the specific nested primer GPH5 (5Ј-TCGTCAACCTGACGCAAGAT-3Ј). Amplification was done for 30 cycles each consisting of 1 min at 94°C, 1 min at 55°C, and 2 min of 72°C. A nested PCR was then performed on the amplified product using oligo(dT) and GPH6, (5Ј-GTTCTCAGGCAAGTCGTCGA-3Ј). Positive fragments were subsequently purified, cloned, and sequenced as described.
Genomic DNA Sequencing-Genomic DNA was isolated from G. intestinalis tissue using the N-acetyl-N,N,N-trimethylammoniumbromide method (31) . The gene was amplified in two parts. First, a PCR of 30 cycles, each consisting of 30 s at 94°C, 1 min at 55°C, and 5 min at 72°C, was done using the primers GPH7 (5Ј-CGCAAGTGCTCAT-TCTAATTCC-3Ј) and GPH6. On this amplification mixture, a nested PCR was done with the primers GPH7 and GPH4. A second fragment was obtained using the primers GU1 and GPH3 in a PCR of 35 cycles, each consisting of 30 s at 94°C, 1 min at 52°C, and 5 min at 72°C. This mixture was reamplified under the same conditions to give a positive fragment. Both fragments were subsequently purified, cloned in the TA vector pMOS (Amersham Pharmacia Biotech), and sequenced as described.
Southern Blotting-Genomic DNA was digested separately with EcoRI, EcoRV, and HindIII. Restriction fragments were separated by agarose gel electrophoresis, and denatured DNA was transferred to a Hybond N membrane (32) . After immobilizing by ultraviolet irradiation and prehybridization (in 40% formamide, 50 mM phosphate buffer, pH 7.4, 5 mM EDTA, 0.1% SDS, 5ϫ Denhardt's solution, 0.9 M NaCl) at 42°C for 3-4 h, the filter was hybridized overnight at 42°C in the same prehybridization mixture with the denatured probe added. A genomic PCR fragment from the Hb of G. intestinalis, 32 P-labeled by nick translation, was used as a probe.
The filter was washed at 65°C 1 time for 15 min in 2ϫ disodium citrate, 0.1% SDS; rinsed in 2ϫ disodium citrate; and exposed to autoradiography for 5 days at Ϫ70°C.
Crystal Growth-The physicochemical conditions for freshly made G. intestinalis Hb crystal growth were explored using ammonium sulfate or polyethylene glycols as precipitating agents, varying protein concentration and pH, at 4°C. Despite the isolation of thin needle-like crystals from ammonium sulfate solutions in a wide pH range (5.5-8.5), large G. intestinalis Hb single crystals (about 0.15 ϫ 0.15 ϫ 0.4 mm 3 ) could be grown only from polyethylene glycol 4000 solutions (25%, w/v), 0.02 M Tris buffer, in the pH 8 -9 range, at a protein concentration of 30 mg/ml. These crystals grow as rounded, hollow hexagonal prisms, in equilibrium with noncrystalline precipitated protein. The use of different molecular weight polyethylene glycols (400 up to 8000) and the addition of different salts did not improve the crystal growth yield. Isolated crystals were dissolved in diluted buffer and subjected to electron spray mass spectrometry analysis. A preliminary x-ray diffraction data set was collected on one crystal, at room temperature, using a Rigaku R-axis IIc image plate system coupled to a RU200HB rotating anode generator, measuring diffracted intensities to approximately 3-Å resolution. Data reduction and analysis was performed with MOSFLM and programs from the CCP4 suite (33, 34) .
Expression Cloning-mRNA was extracted as described earlier. Fulllength cDNA of the Hb was obtained by RT-PCR using specific primers containing the correct adaptors. The forward primer (5Ј-GCGCATAT-GAACAGCGAGGAAGTCAATGAC-3Ј) contains a NdeI restriction site that covers the initiating Met codon of the globin gene. The reverse primer (5Ј-GCGGGATCCGCGAGTTGTTGCTTCGAGAGTAG-3Ј) contains a BamHI restriction site. The amplified product was cleaned and cut with NdeI and BamHI and subsequently ligated into the equivalently cleaved expression vector pET3a (35) . Recombinants obtained in the E. coli strain XL1-Bleu were tested by PCR and restriction digests. The complete sequence and correct orientation were confirmed by dideoxy sequencing. The expression plasmid, which we designate SD-GASEXP5, was then transformed in the E. coli strain BL21(DE3) pLysS. The cells were grown at 25°C in LB media containing 300 g/ml ampicillin, 30 g/ml chloramphenicol, and 1 mM ␦-aminolevulinic acid. The culture was induced at A 600 ϭ 0.8 by the addition of isopropyl-1-thio-␤-D-galactopyranoside to a final concentration of 0.4 mM, and growth was continued overnight. Cells were harvested, washed, and resuspended in lysis buffer (50 mM Tris-HCl, pH 8; 1 mM EDTA, pH 8; 0.5 mM dithiothreitol; and a protease inhibitor mixture). The cells were then exposed to 3 freeze-thaw steps and were sonicated until completely lysed. The overexpression of the globin in the total cell extract was verified by spectral analysis and SDS-PAGE.
RESULTS AND DISCUSSION
Isolation and Characterization-Gel filtration, under native conditions, of the ammonium sulfate-precipitated Hb fraction clearly demonstrates a single Hb peak with an apparent M r of 21,700 Ϯ 1500 (Fig. 1A) . This is in contrast with the M r of 35,000 reported from equilibrium centrifugation (19, 20) . The possibility of a disulfide-and/or concentration-dependent dimerization, however, cannot be excluded. Analysis by one-dimensional SDS-PAGE reveals a broad band of M r 17,000 Ϯ 1000, confirming the minimum M r of 17,500 calculated from heme content (20) (Fig. 1B) .The apparent difference in M r obtained by both techniques cannot be explained readily. Despite this difference, we conclude that the G. intestinalis Hb is monomeric and monodomain.
Hydrophobic interaction chromatography on phenyl-Sepharose CL 4B eliminates an enzyme impurity responsible for a fast oxidation of the Hb (not shown). After this treatment, the G. intestinalis Hb preparation is stable even at room temperature; autoxidation, however, still takes place.
The number of globin chains in G. intestinalis Hb preparation was determined by mass spectrometry and IEF. Electron spray mass spectrometry analysis of the native Hb in solution reveals three major mass categories of 17,965 Ϯ 2 (major fraction) and 18,080 Ϯ 2 and 18,264 Ϯ 2 (minor fractions). In crystallized Hb, the same mass types were recognized in equal amounts but at twice the M r found in solution (Table I) . Analysis of the G. intestinalis Hb fraction by IEF under native and denaturing conditions results in patterns with multiple bands. This could arise through several mechanisms: (i) different charge types due to ligand heterogeneity; (ii) presence of a single Hb isoform with post-translational modifications; (iii) presence of different genetically defined isoforms; (iv) the creation of artificial isoforms by the IEF method; or (v) a combination of all above mentioned reasons.
Separation of the Hb fraction by native IEF without stabilizing the ligand resulted in six major bands ( Fig. 2A) . Eluting and rerunning each single band results in the creation of an additional "position." Assuming combined effects of progressive loss of oxygen and oxidation during the elution and IEF process, we hypothesize that there are two major "positions," one representing the oxyHb form and the other representing the metHb form. At least two major bands were visible in each of these positions (Fig. 2A) . The shift of the oxyHb form to more basic pI by oxidation is compatible with this view. The eluted six major bands were subjected to mass spectrometry. Two mass types of 17,965 Ϯ 2 and 18,080 Ϯ 2 were found, confirming previous results. Therefore, we conclude that G. intestinalis contains at least two different globin chains, which occur as dimers in the crystallized Hb. The fact that the 18,264 Ϯ 2 mass compound cannot be seen in IEF is most likely due to its low abundance (minor fraction).
IEF of total G. intestinalis Hb under denaturing conditions results in a pattern with four major bands and a few minor ones (Fig. 2B) .When each band observed under native as well as denaturing conditions is rerun under denaturing conditions, a nearly identical pattern is obtained. We therefore conclude that the band multiplicity observed under denaturing conditions is probably artificially created by the IEF method used. Many examples exist of pure proteins displaying a multiple banding/spot pattern under two-dimensional electrophoretical conditions (27) .
Attempts to separate these globin chains by ion exchange chromatography and/or RP-HPLC under different conditions were unsuccessful. Therefore one-dimensional semipreparative IEF on pH 6 -10 linear immobilized pH gradient strips in denaturing conditions followed by C4 RP-HPLC was performed to collect homogeneous G. intestinalis Hb1 (Fig. 3) . Mass spectrometry of purified G. intestinalis Hb1 reveals a single component with a mass of 17,965 Ϯ 2, confirming our previous data.
Absorption Spectra and Kinetics-G. intestinalis Hb shows absorption spectra typical of Hb or Mb for the oxy, deoxy and carbon monoxy forms. This is generally the case, since the ferrous protein spectra are not sensitive to moderate structural changes (36) . In contrast, the spectrum of the oxidized form (metHb) is sensitive to pH and protein structure. As a function of pH, they will show an acid-alkaline transition when a water molecule is replaced by an OH Ϫ as the heme iron ligand. The pK of this transition is also influenced by the residue at the distal position (E7). For human Hb and sperm whale Mb, both displaying an E7 His, this pK is about 8 -9, whereas for Aplysia Mb, having an E7 Val it is 7.6 (37). The apparent pK for the acid-alkaline transition of G. intestinalis Hb is near pH 7.7 (Fig. 4) . This is low for a hemoprotein with an E7 His, suggesting the effect of other residues of the heme environment.
For G. intestinalis Hb, an oxygen association rate of 10 M Ϫ1 s Ϫ1 and a dissociation rate of 2.4 s Ϫ1 at 25°C were determined from the ligand rebinding kinetics (Fig. 5) . These results are compatible with those of Phelps (20) , who obtained an oxygen dissociation rate of 1 s Ϫ1 at 20°C and calculated a partition coefficient (K CO /K O 2 ) of 0.5. The hemoglobin from G. intestinalis can therefore be classified as a high affinity Hb having normal on-rates but a reduced rate of oxygen dissociation (Table II) .
As for the parasitic trematode Mbs (e.g. Paramphistomum epiclitum), G. intestinalis Hb is also exposed to an environment of low oxygen concentration. Oxygen affinity is not as high as that of Ascaris Hb (38), although the mechanism for obtaining it is similar through a low dissociation rate (22, 39) . This is in contrast with LegHbs, where the moderately high oxygen affinity is essentially due to an increase in the ligand association rate (40), approaching the limit of a diffusion controlled reaction. In order to reach higher affinities, a decrease in the dissociation rate must be achieved. Trematodes employ a combination of both mechanisms: a higher on-rate and a lower off-rate (41). G. intestinalis Hb, like Ascaris Hb, shows a change essentially in the dissociation rate. The high stability of the bound ligand (i.e. low dissociation rate) in the Ascaris Hb is obtained by the formation of three interactions between the oxygen molecule and the protein: the usual coordination bond with the iron atom, a hydrogen bond with the distal (E7) residue, and one with the B10 Tyr (23). The low dissociation rate for G. intestinalis Hb cannot be obtained in a similar way, since a Leu residue, which cannot participate in hydrogen bonding, occurs at position B10. Therefore, the stabilization might involve a different contact.
Since oxygen, but not CO, participates in the formation of hydrogen bonds, only the oxygen affinity is affected. Therefore additional hydrogen bonds increase the oxygen affinity and decrease the ratio of CO to oxygen affinities, explaining why Ascaris Hb shows a low partition coefficient. From the kinetics of ligand binding to G. intestinalis Hb, we estimate a value close to 1 for the partition coefficient, slightly higher than that of trematode or Ascaris Hb but much lower than sperm whale Mb (100), human Hb (250), and certain mutants of Mb where unhindered CO binding leads to values of K CO /K O 2 that may exceed 10,000 (42) ( Table II) .
Study of the kinetics as a function of laser energy shows no change at different levels of dissociation, indicating the absence of any cooperativity. At the Hb concentration used (100 M), our photodissociation method allows the detection of cooperativity as for human Hb (20) . Since this is not seen, there is no evidence for cooperativity or a monomer to dimer transition leading to a cooperative molecular species (not shown). However, the possibility of a weak association cannot be excluded.
G. intestinalis Hb shows a tendency to autoxidize some 10-fold more rapidly (t1 ⁄2 ϭ 1.6 h) than human Hb. This is unusual for a high affinity Hb, since most other high affinity species show slower autoxidation, as observed for trematode (41) and certain vertebrate Mbs (43) . The rate of CN binding at pH 7 was 14 M Ϫ1 s Ϫ1 , which is much less than other hemoproteins.
Sequencing of G. intestinalis Hb1 and Structural
Interpretation-Amino-terminal sequencing of globin chains after SDS-PAGE and polyvinylidene difluoride blotting, reveals no detectable phenylthiohydantoin-derivatives, suggesting that the termini are blocked. Purified G. intestinalis Hb1 was fragmented by CNBr cleavage and digestion with trypsin and protease Asp-N. The resulting peptide mixtures were separated by RP-HPLC on a C4 column, and the purified peptides were sequenced (25, 26) . Relevant peptides were aligned with sperm whale Mb and selected arthropod globins (Fig. 6) .
The full length of the G. intestinalis Hb1 cDNA was ampli- fied and sequenced as described under "Experimental Procedures." The sequence is given in Fig. 7 . The initiation codon is preceded by at least 122 bases of untranslated region. The coding region extends for 150 codons and is followed by a 206-base-long 3Ј-untranslated region that contains a polyadenylation signal and has a M r , calculated from the sequence, of 17,820. Between the experimentally determined (M r ϭ 17,965 Ϯ 2) and calculated weight, a difference of M r 145 is observed. Sequencing of the intact globin chain clearly showed that it is not accessible for Edman degradation. The difference between the calculated and the experimentally determined M r must therefore be assigned to the blocking group at the N terminus. The nature of this group is unknown. G. intestinalis Hb resides in a carbohydrate-rich environment (44) ; therefore, the blocking group might be a glycosidic unit (M r of pentosyl, 144; M r of glycosyl, 160).
The overall sequence of the G. intestinalis Hb1 corresponds to a genuine globin structure. The key residues Trp-A12, Pro-C2, Phe-CD1, His-E7, and His-F8 are easily recognized, allowing an unambiguous alignment with globins of known tertiary structure (Fig. 6) . All helical segments can be assigned, but, in contrast with the chironimid globins, an intact B helix is pres- ent. Among the residues in proximity of the heme group, two Trp residues (CD3 and F1) are unprecedented, whereas the F4 and G8 Phe, coplanar in CTT-III with the invariant His-F8 and the heme ring, respectively, are substituted by Leu residues (Fig. 6) . The surface and interior positions, defining the globin fold, are occupied by residues with acceptable hydrophobicity and volume, as expressed by a low penalty score against the vertebrate and nonvertebrate template (Table III) (45, 46) . In contrast with the majority of the arthropod globins, a Gly is present at positions B6 and E8, allowing a more close crossing of the B-and E-helices as in vertebrates. Therefore, a more compact folding can be expected. The B10-position is occupied by Leu, as in more than 98% of the vertebrate globins, whereas the E7 and E11 sites display His and a Ile, respectively. Thus, no stabilizing hydrogen bond can be provided by residue B10 to the bound oxygen, as is found in nematode and trematode globins, suggesting other structural bases for the observed high oxygen affinity, as mentioned before (22, 26, 47) . The conformational freedom of Arg-E10 is conserved by the occurrence of a Trp residue at position CD3 (48, 49) . At the end of the G-helix (G17-19) a Cys-Ser-Cys sequence occurs. Cysteine in this region is not uncommon in annelids (Tylorrhynchus IIC, Lumbricus IV, Lamellibrachia BII) and molluscs (Barbatia reveana and Barbatia limacina), where it is involved in intermolecular aggregation (46) . It is unlikely that both Cys residues in G. intestinalis are disulfide bridge-linked as in the H-helix of Tokunagayusurika v. Hb, because they are in too close proximity (50) . The possibility of an intermolecular disulfide bridge can also be excluded, since the native molecule occurs as M r ϳ17,000 monomer. In the crystal, however, two molecules occur per unit of cell, most likely as a disulfide-linked dimer, as indicated by in situ mass spectrometry. At position H8, the invertebrate typical Trp is substituted by a Tyr. The observed rotation of the heme group in Chironomus (4 -6) cannot be confirmed from the primary structure of G. intestinalis Hb. To this end, the three-dimensional structure or NMR data will be necessary.
Globin Gene Structure and the Evolution of the Globin Gene Family-Using cDNA-derived primers in PCR reactions, overlapping genomic DNA fragments were amplified covering the entire globin gene. They were cloned and sequenced. Comparison of the globin gene with the cDNA reveals that the coding sequence is interrupted after base pair 284 and after base pair 517 by two introns of 71 and 88 bases, respectively (Fig. 7) . The standard splice donor and acceptor sequences are present. With the exception of the Paramecium (29 b) and Chironomus (64 b) introns, the G. intestinalis globin introns are short compared with the majority of vertebrate and nonvertebrate globin introns (120 b to 5800 b) (2, 17, 51, 52) , suggesting that the intron insertion position, rather than the intron length, may have a functional/evolutionary importance.
Based on the alignment of Fig. 6 , it can be concluded that the introns are inserted at positions D7.0 and G7.0 (Figs. 7 and 8) . The D7.0 intron is unprecedented, whereas the G7.0-position is conserved in almost all vertebrate and nonvertebrate globin genes. In the globin gene family, the evolutionary conservation of the B-and G-helix intron positions (B12.2 and G7.0) is in contrast with the diversity of the "central" or "D-E-F-helix intron" position (Fig. 8) .
In vertebrates, the central exon product (residues B13-G6) coincides with the "mini-globin," the smallest functional part of the globin molecule (53) (54) (55) . It can be argued that the central exon corresponds to an ancient minigene (9) . The flanking Band G-helix introns can then be considered as partially evolved from the 5Ј-and 3Ј-noncoding regions of this minigene (56) . This may explain the presence and conservation of the B-and G-helix intron position during evolution. In this hypothesis, the central intron is not involved in the genesis of the globin gene and must therefore be the result of a later insertion event (intron late theory; Refs. 14 and 15). Indeed neither G o 's F2 nor F3 structural domains can harbor the heme group alone (53, 57) . The ancestral "functional globin" must have been able to bind heme and therefore must correspond with the central exon product. Thus, in this view the ancestral globin gene has two introns and three exons as suggested earlier (58) . Diversity of intron insertion positions in a gene family can be interpreted as the drift of a homologous intron from its conserved position (intron sliding) or as the loss of an intron at the conserved position accompanied with the insertion of a new intron at an alternative position (17, 59, 60) . No simple mechanism has been proposed to explain the process of intron sliding without destroying the reading frame (60) . Despite this, intron sliding is documented in several genes including the gene of Artemia globin (domain T4) (61-63). On the other hand, from a study of the spatial and phylogenetic distribution of intron positions, Stoltzfus (60) concludes that if intron sliding occurs at all its contribution to the diversity of intron positions must be minor.
It has been proposed that precise removal of an intron (intron loss) occurs by recombination between a diffusable reverse transcript and its homologous chromosomal allele (64) . Although intron loss occurs in most genes, intron diversity in ancient paralogs is more likely the result of random intron insertion rather than random loss (65) . Loss of all introns in globin coding genes has been reported for Ascaris Mb, Tetrahymena Hb, and the majority of Chironomus globin genes (13, 17, 25, 66) . The absence of a B12.2 or a G7.0 intron in the globin genes, respectively, of Aphrodite and the second domain of Pseudoterranova clearly illustrates that each intron can be excised independently (29, 67) .
Numerous reports confirm that intron diversity in homologous genes must be attributed to recent and random intron insertion events based on the insertion of a transposable element or to reverse splicing (14, 60, 68, 69) and that this, together with intron loss, might be a dynamic process (65, 70 ). An unambiguous intron insertion in globin genes occurs in position A3.2 of the Biomphalaria Mb gene. Indeed, introns in the A-helix have previously been interpreted as displaced (sliding) "precoding introns" separating the leader sequence from the coding sequence. Biomphalaria Mb, however, is intracellularly located, and the gene thus has no leader sequence. Since B12.2 and G7.0 introns are present, its A3.2 intron must be the result of an intron insertion event (71) .
Considering these arguments and noting the ever increasing diversity of "central intron positions" in globin genes studied, we suggest that the D7.0 intron of G. intestinalis is, most likely, an example of the insertion of a new intron and thus presumes the intron late theory. The loss of a B12.2 intron illustrates that each intron can evolve independently, whereas the conservation of the G7.0 intron supports the intron early hypothesis (Fig. 8). The structure of the G. intestinalis globin gene therefore illustrates the presence of both types of introns: "old introns" (G7.0) that witness the genesis of the globin gene and "new introns" that are clearly the result of evolutionary later insertion events. Our results therefore add weight to the hypothesis of Hankeln et al. (17) , Tyshenko and Walker (72) , and Trotman (73) on the reconciliation of the intron early and late views.
In order to confirm the number of globin chains as determined by mass spectrometry, a Southern blotting experiment was done as described under "Experimental Procedures." In all digests, two fragments (ranging in length from 3500 to 12,000 bases) were detected (data not shown). This confirms the presence of at least two genetically different globin genes as suggested by electron spray mass spectrometry after IEF. This does not exclude the possible existence of more globin genes with lower similarity.
Characterization of G. intestinalis Hemoglobin Crystals and Expression of the Hemoglobin in E. coli-G. intestinalis
Hb crystals belong to the trigonal space group P3 1 (or P3 2 ), with unit cell constants a ϭ b ϭ 47.7 Å, c ϭ 145.2 Å, ␥ ϭ 120°; the unit cell volume is compatible with the presence of two G. intestinalis Hb chains per asymmetric unit (V M ϭ 2.72 Å 3 /Da, 55% solvent content) (74) . This observation has been confirmed by inspection of G. intestinalis Hb self-rotation function, calculated in the 12-3-Å resolution range, which displayed a prominent rotation peak, at ϭ 90°, ϭ 291°, and ϭ 180° (75) . The dimeric nature of the crystallin Hb was also confirmed by mass spectrometry of dissolved crystals. The formation of disulfide-linked dimers during the crystallization process is most likely. Several attempts to solve the protein structure by mo- FIG. 9 . Expression of G. intestinalis Hb1 in E. coli. A, SDS-PAGE of extracts. 1, M r markers; 2, total extract; 3, after 50% ammonium sulfate precipitation; B, absorption spectrum of ammonium sulfateprecipitated extract (major fraction of the Hb is in the oxy form). lecular replacement, using different techniques and hemoglobin search models, did not yield any viable solution. Although this observation is compatible with a significant structural perturbation of the G. intestinalis Hb tertiary structure, as compared with those of the search models used, the modest diffraction quality of the crystals obtained suggests that packing problems, growth defects, or chain heterogeneity in the crystal may also have perturbed negatively the molecular replacement searches. Such a consideration is further supported by the results of mass spectrometry analysis, which showed that three different molecular components are equally present in the G. intestinalis Hb crystals obtained.
In order to continue our structural analyses on G. intestinalis hemoglobin, the Hb1 isoform was overexpressed in E. coli as described under "Experimental Procedures." After isopropyl-1-thio-␤-D-galactopyranoside induction, harvested cells were dark red. As seen in Fig. 9A , a major compound of M r ϳ17,000 is expressed (ϳ100 mg/liter of culture). The absorption spectrum of the ammonium sulfate-precipitated extract (Fig. 9B) confirms the presence of a genuine Hb, and the ligand affinity measurement by flash photolysis clearly demonstrates the functionality of the expressed Hb. Purified expressed Hb can therefore be used for crystal growth and the determination of the three-dimensional structure.
